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Abstract: As photon mixing is not inherently limited to any specific spectral region, parametric 
processes represent a compelling solution for all-optical signal processing in spectral windows 
not easily accessible by other technologies. Particularly, the continuous-wave pumping scheme is 
essential for any application requiring modulated signals or precise spectroscopic 
characterization. Highly nonlinear fibers enabled record performances for wavelength conversion 
and amplification in the telecommunication band, however no waveguiding platforms have yet 
solved the trade-off between high-nonlinearity, low propagation losses and dispersion in the mid-
infrared. Here, we show mid-infrared continuous-wave parametric amplification in a 
Ge10As22Se68 fiber. Leveraging state-of-the-art fabrication techniques, a novel tapered photonic 
crystal fiber geometry enabling 4.5 dB signal amplification and 2 dB idler conversion efficiency 
is experimentally demonstrated using only 125 mW of pump in the 2 µm wavelength range. This 
result is not only the first ever continuous-wave parametric amplification measured at 2 µm, in 
any waveguide, but also establishes GeAsSe PCF tapers as the most promising all-fibered, high 
efficiency continuous-wave parametric converter for advanced applications in the mid-infrared. 
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Introduction 
 Parametric wavelength conversion and amplification based on four-wave mixing (FWM) 
pumped in continuous wave (c.w.) regime allows for the preservation of narrow linewidth and 
any complex modulation. Compared with other mid-infrared (MIR) light generation/amplification 
techniques, parametric conversion in waveguides provides a compact, widely tunable, highly 
efficient solution operating at room temperature
1, 2, 3
. The complete transparency to any bit rate, 
together with reduced self- and cross-phase modulation experienced by the c.w. pump, enables 
record performances of all-optical processes in terms of speed, bandwidth and noise reduction in 
the telecommunication band by exploiting highly nonlinear silica fibers
4
. Recently, the 
availability of tunable, c.w. watt-level fiber lasers has been extended from the telecommunication 
band (λ = 1550 nm) to the onset of the MIR (λ ≈ 2000 nm) by using thulium (Tm) and holmium 
(Ho) doped silica fibers as active media
5, 6
. Such lasers can potentially be used for pumping 
nonlinear waveguides, translating the benefits of all-guided c.w. parametric conversion and 
amplification to MIR applications like precise spectroscopy
7
, free-space communication
8
, and 
remote sensing
9
. However, adequate platforms are still yet to be shown.  
 Waveguide engineering for c.w. parametric amplification should take material, geometry 
and fabrication, into consideration due to the sensitivity of the process on nonlinear strength, 
phase matching and losses. To reference these requirements, we use a figure of merit (FOM)
10
 
defined as the ratio between nonlinear coefficient γ and the propagation loss α. Ideally, this FOM 
should be as large as possible. While silica highly nonlinear fibers exhibit too high absorption 
from 2 micron and a too low γ to have good performances in MIR, materials possessing both high 
nonlinear refractive indices (n2) and good MIR transparency include, in particular, soft glasses 
(tellurite and chalcogenide glasses) and silicon. Up to now, platforms with highest γ, such as 
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silicon waveguides and As2Se3 tapers, exhibit high propagation losses, in the order of dB/cm. 
They are either due to sidewall scattering and multi-photon absorption
1, 11
, or absorption in 
polymer coating
12
, significantly impacting their FOM. As such, only pulsed pumping schemes 
were demonstrated. Soft glasses photonic suspended core fibers (SCFs) do not need any polymer 
coating and in recent years
13, 14, 15
 they have been fabricated with low loss. Due to the large 
refractive index difference, higher order modes can be easily excited in SCFs, seriously affecting 
the phase matching condition
14
. The large air holes also allow extended contact area with 
atmosphere such that strong water absorption and crystallization were found to severely degrade 
their nonlinear optical performance
16
. On the other hand, PCF structure is more promising due to 
the possibility of single mode behavior over large wavelength span and better immunity to the 
environment. We have tested a GeAsSe PCF
17
, which showed low loss, single mode operation 
and high FOM under CW pumping at telecom and 2um range, leading to a relatively large FOM. 
The strong normal material dispersion of chalcogenides represents however a major hurdle often 
translating into a tradeoff between dispersion, losses and multimode features. 
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n2 2.7∙10
-20
 1.1∙10-17 3∙10-18 1.1∙10-17 5.9∙10-19 5.3∙10-18 5.3∙10-18 
n2/α 
m
2
/(W·dB) 
3.6∙10-19 4.3∙10-20 6∙10-20 3.7∙10-19 2∙10-18 5.3∙10-18 1∙10-17 
FOM 
(dB·W)
-1
 
3.2∙10-2 0.44 0.198 0.8 0.56 1.7 19.78 
Table 1 | Figure of merit (FOM) of various nonlinear platforms used for parametric processes at 
2µm. Upper limits are calculated based on the information provided by the authors in the referenced 
publications. The work presented here is highlighted in the last column, resulting in a figure of merit a 
couple orders of magnitude higher than other platforms. 
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 Here we overcome this tradeoff by dispersion engineering a GeAsSe fiber through the 
combination of microstructuring and tapering. The fiber is fabricated by the molding technique, 
allowing large effective length and low losses. Tapering also leads to an increased γ, resulting in a 
FOM several orders of magnitude higher than other approaches, as summarized in table 1. With 
this tapered PCF, we show for the first time parametric amplification and conversion efficiency 
(CE) above the transparency threshold using a c.w. pump laser in MIR region.  
Material and Methods 
Fiber design and fabrication 
 The zero dispersion wavelength (ZDW) of a PCF is highly dependent on the diameter-to-
pitch ratio  (ρ)22. For a given core diameter ϕ, a large ρ value blue shifts the ZDW but also 
increases the multimode behavior and fabrication difficulty of the fiber. Within fabrication limits 
(ρ  0.6) of GeAsSe PCF, solely varying ρ does not allow for sufficient shift of the ZDW towards 
the 2 µm thulium/holmium band. Additional reduction of the core size is necessary to enhance the 
waveguide dispersion. Tapering is an efficient way to reduce the fiber waist size to values not 
easily accessible with direct fabrication (Fig. 1a).  The designed fiber was thus fabricated in a 
two-step method. First, a GeAsSe PCF featuring three rings of holes aiming at ρ ≈ 0.6 and a ϕs ≈ 4 
μm diameter solid core was fabricated (Fig. 1b). This initial geometry was chosen for three 
reasons, mainly related to fabrication: a) the small initial core facilitates the tapering step, b) 
GeAsSe allows for the reduction of the core size without excess loss and c) it has a lower material 
dispersion with respect to AsSe compounds
23
. Second, the central part of the fiber was tapered to 
achieve a core size diameter of about 1.5 µm (Fig. 1c).  
 The fabrication starts from a previously synthetized highly purified Ge10As22Se68 bulk 
glass. The glass has an optical loss of 0.6 dB/m measured at 1.55 µm.  Part of the GeAsSe glass 
was then modeled to fabricate a preform with 3 hexagonal rings of air holes
24
. The preform was 
drawn into a cane of 4 mm diameter. This cane was then inserted into an As2Se3 tube and the 
whole tube assemble was drawn into a photonic crystal fiber with an outer diameter of 
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approximately 130µm and a core size about 4µm. The pitch distance, Λ, was measured to be 
approximatively 2.88 µm and the air hole diameter was 1.69 µm; leading to a diameter-to-pitch 
ratio of 0.58. The propagation loss of the PCF was measured to be 0.65 dB/m at 1.55 µm from a 
cutback experiment. Using a segment of this PCF, tapered fibers in 1m length range were then 
fabricated on the drawing tower at a temperature around 270 °C. The core diameter in the waist 
portion was decreased to approximately 1.5 µm (see Fig. 1c).  
Experimental setup  
 While an interferometric method was used to characterize the dispersion of the un-
tapered PCF, because of the phase delay contribution from the un-tapered and transition sections, 
it cannot be directly applied to measure the dispersion of the tapered PCF as it is in Fig. 1a. The 
four-wave mixing (FWM) process, at basis of parametric amplification and frequency conversion 
experiments, can be used also to retrieve the dispersion, giving a good indication of fiber 
uniformity, suppression of the higher order modes and strength of birefringence.  
 We used an all-fibered FWM set-up, detailed in Fig 2. The 2 µm pump and signal lasers 
used in this experiment were implemented with Tm-doped fiber pumped by L-band erbium doped 
fiber amplifier (EDFA). The pump laser utilized either linear or ring cavity depending on the 
wavelength. To achieve signal amplification, a high slope efficiency, linear cavity laser was built 
with a 1950 nm fiber Bragg grating (FBG) pair. Due to a lack of matched FBG pairs at other 
wavelengths, a ring cavity was built and different FBGs were used to select the pump wavelength 
for dispersion characterization. Both pump configurations were checked using a photodetector to 
confirm no existence of pulsing operation. The pump laser linewidth was measured to be 
approximately 0.08 nm at 1950 nm in the linear cavity configuration. The signal laser was based 
on a ring cavity where the wavelength was selected by a tunable bandpass filter of 1 nm 
linewidth. The length of the Tm-doped fiber was 11.5 m in the pump and 4.5 m in the signal 
laser. The output from pump and signal lasers were combined by a 95/5 fiber coupler, designed 
for operations at 2 μm, and then send through a circulator to prevent back reflection.  A fibered 
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polarization beam splitter was mounted after the circulator. One arm of the polarizer was 
connected to a polarization maintaining (PM) lensed fiber for coupling into the PCF and the other 
arm was used for power monitoring. The PM lensed fiber was fabricated with PM1550 and has a 
beam spot diameter of approximately 4 µm at 2 µm wavelength. The output from the 
chalcogenide fiber was collected using another PM lensed fiber with the same parameters. The 
lensed fiber was then connected to an optical spectrum analyzer (OSA), Yokogawa AQ 6375, for 
data recording. A total insertion loss of 8.5 dB was measured at 1950 nm, where approximately 
4.5 dB are the total coupling losses, 3.4 dB comes from the transition regions and 0.6 dB comes 
from propagation losses (α).  
Result and discussion 
 We experimentally measured the dispersion of the un-tapered, 4 µm core PCF using an 
interferometric technique
25
. Excellent agreement with simulation indicates the accuracy of our 
model and quality of the fiber. As expected the dispersion is strongly normal at 2 µm, with a 
ZDW located near 2.9 µm. Building form this result, we compute the dispersion of the tapered 
fiber as shown in Fig. 3a, with shaded area representing possible birefringence coming from an 
approximately 2% fabrication error in the holes diameter. The ZDW is expected between 2.1 and 
2.2 µm, depending on the input laser polarization. While simulations indicate a slight multimode 
behavior, the transition region acts as a mode filter so that only the fundamental mode propagates 
in the taper waist region. Very low losses in the waist region were measured to be approximately 
0.5 dB/m at 2 µm.  
The parametric behavior of the tapered fiber was studied by FWM using a c.w. pump 
together with a c.w. signal. To reduce the impact of other nonlinear effects and avoid potential 
fiber damage, all characterizations were performed at low pump power level (< 20 mW in fiber 
waist). Idler waves showed well-defined phase matching features, confirming the uniformity, 
single mode nature and low loss of the taper. Nonlinear Schrodinger equation (NLSE) was then 
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used to fit the CE data in order to retrieve the fiber parameters. Since the pump laser is narrow 
linewidth and low power, the simplified NLSE was used for dispersion fitting: 
           
2
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In the above equation, (z, t)A is the electric field amplitude; 2 is the group velocity dispersion 
(GVD);  is the linear propagation loss. The nonlinear coefficient γ of the tapered PCF was 
retrieved to be γ ≈ 10 W-1m-1 , in agreement with the value calculated using the measured n2 from 
our previous work
17
 and the effective area Aeff  simulated with the finite element method (FEM) 
program COMSOL. Optimization was performed to fit the positions of the experimental CE 
dips/minima, which give also another estimate of the propagation loss. The tolerance of this 
fitting was set to 0.05 nm. The contribution of the un-tapered input side was also considered and 
included in the simulated result of the tapered part. As we will show, due to the larger effective 
area and the shorter length, the effect of the un-tapered region mainly resulted in a slightly rise of 
the magnitude of the CE minima, without changing their position. We extracted the dispersion 
parameter β2 of the waist region for pump wavelengths at 1950 nm, 1980 nm, 2008 nm and 2040 
nm, while the signal was tunable over 140 nm in the 2 µm range, and for different tapered fibers, 
with waist lengths ranging from 0.8 m to 1.3 m, fabricated using the same fiber spool. The 
experimental values for all fibers are in excellent agreement with the predicted dispersion (Fig. 
3a). An example of FWM spectra for a 2040 nm pump with 13 mW of coupled pump power and 
approximately 1 mW of signal power is shown in Fig. 3b. 
 The fiber birefringence was experimental confirmed in our experiment. An ideal 
hexagonal PCF is not birefringent
26
, however, the symmetry of real PCF is always broken due to 
the fabrication imperfections. The slight variations of the cladding air hole size lead to effectively 
a different diameter-to-pitch ratio depending on the input light polarization. From our numerical 
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simulation shown in Fig. 3c, the discrepancy becomes more evident when going closer to the 
ZDW. Thus, we checked the fiber birefringence experimentally at 2040 nm by rotating the angle 
of input Polarization maintaining (PM) lensed fiber. The recorded four wave mixing (FWM) 
spectra were converted as CE versus signal detuning curve. We found the effective fast and slow 
axis of this fiber, shown in Fig. 3c, clearly showing the fiber is birefringent. This polarization 
dependent dispersion corresponds to fluctuation of ρ of less than 1%, further proving the good 
uniformity of the tapered PCF.   
 The efficiency of the parametric process, as a result of the combination of high γ and long 
effective length, leads to amplification of the laser ASE, as depicted in Fig. 4a for a 1950 nm 
pump. Phase matching features emerged from the OSA noise floor increasing the pump power. 
With only 125 mW pump coupled, signal amplification and cascaded FWM up to 3 orders were 
observed while maintaining the initial linewidth of the signal (Fig. 4b). Since our pump laser 
linewidth is much smaller than the signal laser, its contribution to the idler linewidth is negligible. 
The idler conversion efficiency (CE), defined as idler output power over input signal power, is 
plotted in Fig. 4c as a function of signal detuning when 125 mW were coupled in taper waist at 
1950 nm. At the idler side, operation above transparency is observed near the pump with a -20 dB 
bandwidth of 15 nm, while we recorded up to 4.5 dB of signal amplification.  
 In Fig. 5a, a reduction of the amplification bandwidth can be seen with increasing pump 
power. The On/OFF amplification was calculated using the ration between signal power at input 
of the fiber waist and the signal power at the output of the fiber waist. The narrowing of 
amplification bandwidth is due to the nonlinear contribution to the phase mismatch as the pump is 
in the normal dispersion regime. To quantize the effect of nonlinear phase contribution and for 
comparison with the theory, we also plotted the theoretical position of the first dip as a function 
of the pump power as shown in Fig. 5b. A perfect matching with the theory indicated a good 
estimation of linear and nonlinear phase mismatch and confirmed no change in the fiber geometry 
even at the highest pump power.  
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 The input-output characteristics of the tapered fiber pumped at 1950 nm were further 
examined with a signal at 1951.5 nm. The CE as a function of pump power is plotted in Fig. 6a. 
The fitted experimental data exhibits a slope of approximately 1.8 with no onset of saturation. 
Form coupled wave equation theory, in the undepleted pump approximation, we expect a 
quadratic relation between pump and idler. This small discrepancy in our experiment comes from 
the cascaded FWM when the idler acts as a pump and is depleted due to the high power of the 
pump which now acts as the signal.  Fig. 6b reproduces the expected theoretical relation between 
CE and signal amplification (As) given by As=1+CE, excluding the involvement of luminescence 
or non-parametric processes. It is also worth noting that our results establish the excellent power 
handling of the chalcogenide fiber in MIR. Before 2015, the maximum sustained c.w. intensity 
reported was 125 kW/cm
2
 at 5.6 µm (ref. 27). Recently, damage threshold intensity was found to 
be higher than 5.6 MW/cm
2
 when tested with a thulium doped fiber laser at 1.97 µm (ref. 28). 
Here we confirmed these findings with an even higher laser intensity of at least 6.62 MW/cm
2
. 
Also, shown in Fig. 6a is the relationship between input and output pump power, as monitored on 
the OSA: the linear fit indicates constant fiber losses and stable coupling. To further confirm that 
no irreversible structural damage was induced during the 125 mW coupled pump power test, the 
fiber was re-characterized right after with 3 mW of coupled pump. The parametric behavior of the 
fiber remained identical, while no structural or losses changes were observed as seen in Fig. 6c.  
 To check the repeatability of the results, the two additional tapered PCFs with nominal 
identical geometry were also characterized. The two additional tapered PCFs have lengths of 0.8 
and 1.2 m. Since the length of the three tapers differed slightly, CE over length squared is plotted 
as a function of coupled pump power in Fig. 6d. CE transparency and signal amplification were 
observed in all tapers, even at different pump wavelengths, confirming the repeatability of the 
experiment and of the taper features. The slight discrepancies are due to small loss variations in 
the taper transition region. To reach higher amplification, the pump power was increased leading 
to a damage of the fiber propagating backward to the input end. The damage is not due to power 
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handling limitations but rather to a fiber fuse from a localized defect, likely caused by 
microbending resulting in light leakage in the coating which strongly absorbs 2 µm light (see 
Supplementary material). It should be noted that fiber fuse has been observed in silica fibers for 
similar power densities (MW/cm
2
 range). 
 Conclusions 
 In summary we presented for the first time parametric amplification at 2 µm using low 
c.w. pumping power and relatively short fiber. The engineered GeAsSe PCF taper combines low 
dispersion (ZDW near 2.1 µm), high γ of 10 W-1m-1 and low losses of 0.5 dB/m. Up to 4.5 dB of 
amplification was measured with only 125 mW of power inside the waist region. The fiber 
showed excellent power handling capabilities answering persistent doubts over c.w. operation in 
chalcogenide fibers. Moreover, they can be spliced with silica fibers
28
 enabling compatibility with 
current fiber based devices and reducing coupling losses. Longer fiber and better polymer 
protection layer process (see Supplementary I) will lead to better CE and signal amplification. 
The wavelength dependent loss of GeAsSe
29
 shows absolutely no obstacles towards pumping at 
the ZDW or slightly in the anomalous regime, which would further increase efficiency and 
bandwidth. We believe that these results are a breakthrough, paving the way for fully fibered 
optical processing devices based on parametric processes for the MIR range operating on low 
c.w. power. 
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Figure 1 | Dispersion engineered GeAsSe tapered PCF. a. schematic of the GeAsSe fiber: the 
microstructured fiber of initial core size ϕs = 4 µm is tapered to a new core size ϕt = 1.5 µm over a length l. 
On either side of the taper is a lt = 1.5 cm waist region acting as a mode filter.  b. Image of the fabricated 
microstructure fiber before tapering. c. Image of the fiber after tapering, within the waist. The structure 
appears well preserved. 
 
Figure 2 | Experimental setup for GeAsSe PCF characterization. TLS: tunable laser source; WDM: 
wavelength division multiplexer; TDF: Tm-doped fiber; OT: optical terminator; ISO: isolator; PC: 
polarization controller; BPF: bandpass filter; PBS: polarization beam splitter; PD: photodetector (2µm); 
LF: lens fiber; a. Pump laser cavity used to get parametric amplification in our experiment, which favors 
high slope efficiency and simple geometry to avoid pulsing; b. Pump laser cavity for low power 
characterization and dispersion retrieval of ChG fiber. An additional PC was inserted at the output of 
coupler before going to the PBS. c. Tunable signal laser; d. Complete setup for light injection and data 
recording.  
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Figure 3 | Engineered GeAsSe microstructured taper characteristics. a. Dispersion of the un-tapered 
and tapered fiber obtained from simulations (full lines). Measured dispersion on the fabricated fibers 
obtained from interferometric measurements (int.) and four-wave mixing data (FWM) are also plotted. b. 
Example of FWM spectra at the output of the tapered fiber for a c.w. pump positioned at 2040 nm with 13 
mW power. Clear idler generation with phase matching features are observed. The data are in excellent 
agreement with the theoretical fitting. c. fitting of the 78 cm long tapered fiber at 2040 nm pump; rotating 
the input lensed fiber revealed its birefringence. Here, the discrete points represent the experimental values 
while continuous lines come from the theoretical fittings. The plot showed here are the maximum and 
minimum conversion bandwidths found changing the input laser polarization.  
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Figure 4 | Experimental characterization of a 1m long taper for 1950 nm pump. a, Output spectra for 4 
coupled pump powers with no signal showing amplification of the ASE from the pump laser. b. Output 
spectrum for 125 mW pump and 1mW signal coupled power. CE above transparency, signal amplification 
and cascaded FWM is observed. c. Conversion efficiency as a function of idler wavelength for 125 mW 
pump power at 1950 nm. 
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Figure 5 | Experimental characterization of a 1m long taper for 1950 nm pump. a. ON/OFF signal 
amplification for 4 coupled pump powers. Amplification is measured over close to 10 nm of bandwidth.  A 
slight reduction in bandwidth happens with increasing pump power due to additional nonlinear phase 
mismatch. b. The experimentally measured and simulated positions of the CE’s 1st dip as a function of 
coupled pump power. A perfect matching between experimental and theoretical value can be seen, which 
implies fiber structure was maintained during the high power test.   
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Figure 6 |Mid-infrared parametric amplifier performance and repeatability. a. Conversion efficiency 
as a function of coupled pump power for a 1950 nm pump and a 1953 nm signal. A slope of 2 is retrieved 
with no visible onset of saturation. The output pump power as a function of coupled pump power is also 
plotted, showing linear relationship. b. Amplification and CE as a function of pump power. c. Measured CE 
as a function of wavelength for a 3 mW pump before and after high power (125 mW) testing, and fitting 
curve. d. CE normalized to the fiber length squared as a function of coupled pump power for three different 
tapers obtained from the same fiber. Similar performances are measured, confirming the repeatability of the 
experiment and of the taper features. Note that taper3 was tested at 1980nm instead of 1950nm.  
 
